This paper presents results of the direct numerical simulation (DNS) of the generation of boundary layer instability waves due to freestream acoustic disturbances, for a 2D Mach 15 flow over a parabola. The full Navier-Stokes equations are solved by using a new explicit fifth-order shock-fitting upwind scheme for both steady and unsteady flow solutions. The DNS results are also compared with local linear stability analysis based on mean flow solutions obtained by the numerical simulation. The numerical results show that the instability waves developed in the hypersonic boundary layer behind the bow shock contain both the first-and second-mode instabilities. The results also indicate that external disturbances, especially the entropy and vorticity ones, enter the boundary layer to generate instability waves mainly in the leading-edge region. 
Introduction
The prediction of laminar-turbulent transition in hypersonic boundary layers is a critical part of the aerodynamic design and control of advanced hypersonic vehicles f 1 '^. In general, the transition is a result of nonlinear response of the laminar boundary layers to forcing disturbances ' 3~6 -'. The forcing disturbances ĉ an originate from many difference sources, including freestream disturbances. In an environment with small initial disturbances, the paths to transition consist of three stages: 1) receptivity, 2) linear eigenmode growth or transient growth, and 3) nonlinear breakdown to turbulence. The first stage is the receptivity process ™\ which converts the environmental disturbances into instability, Tollmien-Schlichting (T-S), ' Assistant Professor, Mechanical and Aerospace Engineering Department, xiaolin@seas.ucla.edu, Member AIAA.
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waves in the boundary layers. The second stage is the linear eigenmode growth of boundary-layer instability waves obtained as the eigen-solutions of the homogeneous linearized disturbance equations. The relevant instability waves developed in hypersonic boundary layers are the T-S wave and inviscid waves of higher (Mack) modes discovered by Mack ' 9 ' 10 J, the Gortler instability' 11 -' over concave surfaces, and the threedimensional cross flow instability ' 12 l The third stage is the breakdown of linear instability waves and transition to turbulence after the growth of linear instability waves reach certain magnitudes.
The receptivity mechanism provides important initial conditions of amplitude, frequency, and phase for the instability waves in the boundary layers t The theoretical results on incompressible boundary layer receptivity are mainly based on the asymptotic theory' 16 ' 17 ' . The asymptotic analysis explains how the long wavelength freestream acoustic disturbances enter the boundary layer and generate shortwavelength T-S waves in incompressible boundary layers. The direct numerical simulation, which solves the full Navier-Stokes equations as an initial-boundary problem by numerical methods, has recently become an important tool in receptivity and transition studies. The DNS of the receptivity of incompressible boundary layers has been performed by ''; Lin, Reed, and Saric [19] ; Buter and Reed [20] ; Casalis and Cantaloube [21] ; and Collis and Lele [22] .
For hypersonic flow over blunt bodies, the receptivity phenomena are much more complex and are currently still poorly understood I 23 ' 24 ' . Figure 1 shows a schematic of wave field interactions near the hypersonic leading edge affected by freestream disturbances. Kovasznay ' 25 -' showed that weak disturbance waves in compressible flow can be decomposed into three independent modes: acoustic, entropy, and vorticity modes. The acoustic wave is propagated with the speed of sound relative to the moving fluid, while the entropy and vorticity waves convect with the moving fluid velocity. Before entering the boundary layer, freestream disturbances will be first processed by the bow shock. Irrespective of the nature of the freestream disturbance wave, its interaction with the bow shock always generates all three types of disturbance waves ' 26 '. These transmitted disturbance waves are propagated downstream and interact with the boundary layer on the body. At the same time, the boundary layer will also generate reflected acoustic wave impinging on the shock from behind and generating further disturbances to the shock and wave fields. All these interactions will affect the transition of the hypersonic boundary layer behind the shock.
Many theoretical and experimental studies have done on hypersonic boundary layer transition. Reshotko and Khan ^ showed that the swallowing of the entropy layer, which is created by the curved bow shock, by the boundary layers has strong effects on the stability of the boundary layers. The experimental measurements on hypersonic boundary layer stability on sharp cones showed the additional complexity of hypersonic boundary layers I J show that slight nose bluntness has significant effects on the boundary layer transition. The increase of nose bluntness delays the transition onset, but the trend is reversed when the nose bluntness exceeds a certain limit. In addition, Stetson et al. ' 33 -' found evidence of inviscid entropy instability in the region outside of the boundary layers for the case of certain blunt cones at Mach 8 freestream in the entropylayer swallowing region.
The stability characteristics of hypersonic boundary layers over a blunt cone corresponding to Stetson's experiments ^^ have been studied using the linear stability theory (LST) by Malik et al. [34] , In this paper and a companion paper ^3 9 \ we extend the previous inviscid studies to the direct numerical simulation of the receptivity of hypersonic boundary layers to free stream acoustic waves. The direct numerical simulation approach studies the transitional boundary layers '- 40 ' by numerically solving the time-dependent three-dimensional Navier-Stokes equations for the temporally or spatially evolving instability waves. Such simulation requires that all relevant flow time and length scales are resolved by the numerical solutions using highly accurate numerical methods. One of the difficulties in hypersonic flow DNS is that highorder schemes are required for the direct simulations, however, high-order linear schemes can only be used for the spatial discretization of the equations in the flow fields without shock waves.
In Ref. [39] , we presented a new high-order (fifth and sixth order) upwind finite difference shock fitting method for the direct simulation of hypersonic flow with a strong bow shock and with stiff source terms. There are three main aspects of the new method for hypersonic flow DNS: a new shock fitting formulation, new upwind high-order finite difference schemes, and third-order semi-implicit Runge-Kutta schemes recently derived t 41 '. The review of other current DNS works, the details of the new method, and the results of evaluation of numerical accuracy of the new schemes can be found in Ref. [39] .
The purpose of this paper is to investigate the receptivity of hypersonic flows to free stream acoustic waves by DNS using the new fifth-order upwind explicit shock fitting method presented in Ref. [39] . In general, three dimensional unsteady flow should be considered in the DNS studies since the most unstable first mode in hypersonic boundary layers are oblique threedimensional instability waves ™, though the most unstable second mode is two dimensional. In this paper, only the two-dimensional instability waves in hypersonic boundary layers are considered as a first step of the DNS of three-dimensional hypersonic boundary layers over blunt bodies. The free stream disturbances are planar acoustic waves with a fixed frequency, and the body is a parabolic leading edge. The generation of T-S waves in the boundary layer are studied based on the DNS results. The numerical accuracy of the DNS results for such hypersonic boundary layer receptivity have been evaluated by grid refinement studies and have been reported in Ref. [39] . These test results are not presented here.
Governing Equations
The governing equations for the direct numerical simulations of hypersonic flows over a blunt wedge are the unsteady three-dimensional Navier-Stokes equations in the following standard conservation-law form:
where the viscous stresses are given by where p.* is the viscousity coefficient, The viscosity coefficient is calculated using the Sutherland's law, 
where K* is the heat conductivity coefficient computed by assuming a constant Prandtl number Pr.
OU* dt* dxj
( 1) where superscript "*" represents dimensional variables, and
The gas is assumed to be thermally and colorically perfect gas, (4) where the gas constant R* and the specific heats C£ and C* are assumed to be constants with a given ratio of specific heats 7. The flux vectors are 
Nondimensionalization of Variables
We nondimensionalize the velocities with respect to the freestream velocity U^, length scales with respect to a reference length d*, density with respect to p"^, pressure with respect to p^, temperature with respect to T£Q, time with respect to d* /U^, vorticity with respect to U^/d*, entropy with respect to C*, wave number by 1/d*, etc. The dimensionless flow variables are denoted by the same dimensional notation but without the superscript "*".
Problem Description and Flow Conditions
The receptivity of a two-dimensional boundary layer to weak freestream acoustic disturbance waves for a Mach 15 hypersonic flow past a parabolic leading edge at zero angle of attack are considered. The wave field of the unsteady viscous flows are represented by the perturbations of instantaneous flow variables with respect to their local mean variables. For example, the instantaneous velocity perturbation u' is defined as the perturbations with respect to local mean velocity, i.e., (10) where U(x,y) is the dimensionless mean flow velocity.
u' = u'(x,y,t) -u(x,y,t) -U(x,y)
In the simulation, the freestream disturbances are superimposed on the steady mean flow to investigate the development of T-S waves in the boundary layer with the effects of the bow shock interaction. The freestream disturbances are assumed to be weak monochromatic planar acoustic waves with wave front normal to the center line of the body. The perturbations of flow variable introduced by the freestream acoustic wave before reaching the bow shock can be written in the following form:
where \u'\, \u'\, \p'\, and \p'\ are perturbation amplitudes satisfying the following relations:
where e is a small number representing the freestream wave magnitude. The parameter k is the dimensionless freestream wave number which is related to the dimensionless circular frequency u by:
The corresponding dimensionless frequency F is denned as
The body surface is a parabola given by
where b* a given constant and d* is taken as the reference length. The body surface is assumed to be a non-slip wall with an isothermal wall temperature T£.
The specific flow conditions are: The receptivity problems are studied by numerically solving the unsteady nonlinear Navier-Stokes equations using our new fifth-order shock fitting scheme t 39 '. The test results of the new shock fitting schemes and the numerical accuracy of calculating the receptivity problems of hypersonic viscous flows are presented in Ref. [39] , and they are not presented here.
The numerical simulation for an unsteady hypersonic layer receptivity problem is carried out in three steps. First, a steady flow field is computed by advancing the unsteady flow solutions to convergence using the fifthorder computer code. No disturbances are imposed in the freestream. The steady shock shape is obtained as In the calculations, smooth unsteady body fitted grids are used to treat the unsteady bow shock motion as an outer computational boundary. Figure 2 shows a schematic of the general 3-D shock fitted grids used in the simulation. The grids are stretched in both streamwise and the wall-normal directions. The grid stretching function along the wall-normal grid lines (£ = constant) are
R(n,t) = H(t,t)
where R(JJ) is distance from the body surface to a grid point along a wall normal grid line, and ft is a small number chosen to be 1.01. H(£,t), which is an unknown solved along with the flow variables, is the normal distance between the shock and the body surface along the same grid line. The stretching function for grid points along the body surface is (16) where S(£) is the curve length along the body surface, S is the total curve length, and a\ is a constant chosen to be 0.45 in the calculations. The unsteady bow shock shape and movement are solved as part of the computation solutions. Analytical formulas for the metric coefficients for coordinates transformation are used to ensure numerical accuracy for the unsteady coordinate transformation in the simulations. More details can be found in Ref. [39] .
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Steady Flow Solutions
The steady flow solutions of the Navier-Stokes equations for the viscous hypersonic flow over the parabola are obtained by using the new fifth-order explicit unsteady computer code and advancing the solutions to a steady state without freestream perturbations. It has been found that the accuracy of the stability analysis for hypersonic boundary layers is very sensitive to the accuracy of the mean flow solutions ^. By using the new high-order shock-fitting scheme, we are able to obtain high-accuracy "clean" mean flow solutions for the unsteady calculations as well as for the LST analyses for the same hypersonic boundary layer. Figure 3 shows steady flow solutions for a set of 160 x 120 computational grid, velocity vectors, and steady entropy contours. Since the bow shock shape is obtained as the solution for the freestream grid line, the convergence of the steady state solutions can be measured by the solutions for the bow shock velocity. The normal velocity solutions of the bow shock should reach zero when the solutions reach a true steady states. For the numerical solutions shown in Fig. 3 , the numerical solutions for the dimensionless bow shock normal velocities are 2 x 10~1 3 and 5 x 10~1 0 for two shock points located at the center line and at the exit boundary respectively. Therefore, these solutions are considered to be at steady state and are used as the mean flow solutions for the unsteady flow simulation.
The velocity vector plot in Fig. 3 The pressure plot in Fig. 4 and the steady pressure distribution along the body surface shown in Fig. 5 show that the flow has a favorable pressure gradient along the body surface. Figure 4 also shows that the flow distribution across the boundary layer for the present test case is very different from a hypersonic boundary layer over a flat plate. Specifically, the velocity and other flow variables do not reach a constant asymptotic states outside the boundary layer, and the normal velocity components u n are about 10% of the tangential velocity ut due to curvature effects. Therefore, it is expected that the stability properties will be different from those of obtained from LST analysis which is based on parallel base flow assumptions.
For compressible flat plate boundary layers, Lin and there is only one generalized inflection point neat the wall, as i increases, an additional zero of the derivative of d(pdu t /dy n )/dy n appears at the outer region of the boundary layers. At the same time, the main generalized inflection point move further and further away from the wall as i increases. This may explain the development of second mode structure in the boundary layer in that region for the unsteady results presented below.
Unsteady Flow Solutions
In this section, the generation of boundary-layer T-S and inviscid instability waves by freestream acoustic disturbances is considered for hypersonic flow over a parabolic leading edge with various freestream disturbance wave numbers or frequencies. The dimensionless freestream wave numbers are chosen to be k = 15,12.5, and 10, and the corresponding dimensionless frequency F x 10~6 are 2655, 2212, 1770, respectively. The frequencies used in the simulation are higher than those used in other DNS studies of the receptivity of incompressible boundary layers * 19 '. The current F values are chosen mainly as an initial test cases. We will extend our studies to lower frequency regimes in future studies.
Unless stated explicitly, we will mainly present the results for the case of wave number k = 15 with the freestream disturbance parameter e = 5 x 10~4.
Mode Structure of Instability Waves Figure 7 shows the contours for the instantaneous perturbation v' of the velocity in y direction after the flow field reach a periodic state, the Fourier amplitude \v'\ and the phase angle <p v (in degrees). The unsteady computations are run for more than 27 periods in time to ensure that periodic solutions have been reached for the entire flow field.
The instantaneous contours of v' show the development of instability waves in the boundary layer on the surface. In general, the disturbances field v' is a combination of the external forcing disturbance waves and the T-S waves in the boundary layer. For receptivity problems of incompressible boundary layers, the components of the T-S waves are decomposed ' 20 ' from the forcing disturbances by recognizing the fact that the freestream wave lengths are an order of magnitude longer than those of the T-S waves in the boundary layers. For hypersonic boundary layers, however, such decompositions are not possible because the wave length of the forcing disturbances and the instability waves in the boundary layers are of the same order of magnitudes. In addition, the external disturbance waves are very complex due to the back and forth reflection and interaction of the waves. Though we can not separate the external waves from the T-S wave in the boundary layer, Figure 7 shows very clearly the development of instability waves in the boundary layer along the surface. The reason is because the instability waves are dominant in the boundary layer near the surface. Meanwhile the waves immediately behind the bow shock are mainly external forcing waves. The figure also show that the wave lengths are very close for the instability waves in the boundary layer and the external waves at the shock.
From the instantaneous contours in Fig. 7 , it is clear that the instability waves developed in the wall have two separate zones. The first zone is located in the region of x < 0.2 and the second one is located in the region of a; > 0.2. The peak oscillations for the wave in the first region are very close to the wall surface and there is mainly one peak in the oscillation magnitudes across the boundary layer. The second region develops oscillations away from the wall with two magnitude peaks. These results suggest that the instability wave developed in the first region of x < 0.2 is the first mode instability and that in the second region of x > 0.2 is dominated by the second mode instability wave.
The contours of the Fourer amplitudes and phase angles for v' in Fig. 7 also show the switching of instability modes from region 1 to region 2 at about x = 0.2 on the surface. The decay of first mode and the growth of the second mode is shown by a sudden phase change near the body surface around a; = 0.2. The phase structure has one more variation across the boundary layer after the change of modes.
The wave field development along the body surface is shown by the variation of entropy perturbation s' along the the surface. Figure 8 shows the distribution of instantaneous entropy perturbations along the parabola surface. The distribution of the Fourier amplitudes and phase angles of the entropy perturbations along the parabola surface are shown in Figs. 9 and 10 respectively. These figures show the distinct two main region of instability waves. In the phase angle plots of Fig. 10 , there is a sudden change of phase angle near x = 0.2. Fig. 9 also show that the first mode is much stronger than the second mode for the test case at this particular frequency. The first and second modes are more clearly shown by the distribution of the local growth rates based on peak entropy perturbations along the parabola surface as shown in Fig. 11 . The growth rate is defined as -a, = dS (17) where S is the surface curve length. Though the second mode has much higher local growth rates, its amplitudes are lower than those of the first mode because the second mode is confined to a narrower region.
The variation of amplitudes of pressure perturbations along grid lines normal to parabola surface at several * grid stations is shown in Fig. 12 . The corresponding variations for tangential velocity perturbations are shown in Fig. 13 . The corresponding x coordinates for the grid points on surface are given by Table 1 . The first three stations (a)-(c) of i are located in region of first mode instability,, station (d) is located at the mode switching region, and the last two stations (e) and (f) are located in the second mode instability region. The figure shows that the amplitude structure is very different between the two modes. Mack t 10 ! defines the first and second mode in flat plate boundary layer by the structure of the real part of the eigenfunctions of the pressure perturbations. Figure  14 , which is taken from Ref. [10] , shows the pressurefluctuation eigenfuction (real part) of first six modes of 2D inflectional neutral waves for flat plate boundary layer at Mach number 10. The number of zeros in the eigenfunctions was used by Mack to identify the mode numbers for compressible boundary layers. Figure 15 shows the variation of the real part of Fourier transform for the pressure perturbations obtained by the numerical simulations for the present case. The mode structure inside the boundary layer shows that it is the first mode in the first zone and the second mode in the second zone.
Comparison with Local Parallel Linear Analysis
Though the mean flow for the present flow between the bow shock and the parabola is not parallel, a linear stability analysis based on parallel mean flow assumption is carried out using the steady mean flow obtained by the current numerical simulation. Since the e n transition prediction method based on LST is the primary tool in boundary-layer transition prediction, the purpose for the comparison is to investigate how the DNS and LST will differ in hypersonic boundary layers with bow shocks.
The LST code is a temporal code developed by Hu and Zhong ' 43 ' based on both a fourth-order finite difference global method and a spectral global method. The results from the two methods are compared to ensure numerical resolution for the instability modes. The code has been tested for compressible Couette flow and compressible boundary layer calculations by comparing its results with published results and with DNS results ' 39 J. The Gaster's transformation ' 44 ' is used to convert the temporal stability results into spatial stability results.
The preliminary calculations on linear stability of the hypersonic flows over the parabola at grid stations i = 70 and i = 100 have been carried out. The The results agree reasonably well considering the fact that LST is based on a parallel flow assumption. Figure  16 shows the distribution of the local growth rate along the parabola surface for LST and DNS results. The figure shows LST results under-predict the growth rate at station i = 70, but they over-predict the growth rate a at station i = 100. The disagreement on growth rate between LST and experimental results are well known, and no satisfactory explanation has been reached ^s\ The DNS results provide much more detailed information of the instability fields. We are currently investigating the cause of the disagreement in the growth rates with the help of DNS results. Possible causes include the effects of the bow shock, the effects of strong non-parallel mean flows, etc.
Generation of Instability Waves by Incident Waves
For incompressible boundary layers, it has been reported in experimental and theoretical analysis that the external waves enter the boundary mainly in the leading edge regions. For hypersonic flows over a blunt body, any freestream waves interaction with the shock always generate a combination of all three kinds of waves: acoustic (pressure), entropy, and vorticity waves. In an effort to isolate the effects of these three waves, the instantaneous contours of pressure, entropy, and vorticity perturbations of flow variables are plotted in Fig. 17 . The entropy and vorticity contours show very clearly that the external waves enter the boundary and generate T-S waves in the boundary mainly in the leading edge region of x < -0.7 for the present test case. Figure 18 shows a local instantaneous contours at the leading edge region for entropy perturbations.
In a previous paper, Zhong et al. ' 38 J show that the inviscid entropy and vorticity waves based on the Euler equations are singular at the stagnation point. Such a singularity creates a wide range of length scales for these waves near the leading edge region. Though the singularity is removed in the viscous flow solutions, the entropy and vorticity waves have strong interaction at he leading edge regions. The figure also shows that there is very little interaction between the external entropy and vorticity waves and the T-S waves in the boundary layers.
On the other hands, the pressure contours in Pig. 17 shows that the acoustic disturbances interact with the T-S waves in the boundary both in the leading edge region and downstream region.
Effects of Frequency
Several test cases with different freestream frequency F (or freestream waves number k) are used to investigate the effects of frequency on the T-S waves in the boundary layer. Figure 20 shows the distribution of the amplitudes of the entropy perturbations along the parabola surface for three cases of different freestream wave numbers. The figure shows that the first mode instability region becomes longer as the frequency decreases, and the second mode instability region appears at further downstream with higher local Reynold numbers. The overall growth of the disturbance amplitudes are much higher as the frequency decreases. The instantaneous v' contours for the case of lower wave number at k = 10 shows that the first mode instability region extends to much longer range and is much stronger in amplitude. Figure 21 shows the distribution of the local growth rates along the parabola surface for three cases of different freestream wave numbers. Again, the figure shows that the length of the first-mode instability region increases as frequency decreases.
Shock Oscillations
In the unsteady simulations, the bow shock oscillates due to freestream disturbances and the reflection of acoustic waves from the boundary layer to the shock. It is important that the numerical simulation resolves the unsteady shock motion accurately. The current high-order shock fitting method is found to be able to compute the unsteady flow fields and the unsteady shock motion very accurately. A simple way to check the accuracy of the numerically computed unsteady shock/disturbances interaction is shown in Fig. 22 , which shows the time history of the instantaneous pressure perturbation at the point immediately behind the bow shock at the center line for the case of k = 40. In the initial moment of imposing the freestream disturbances, there is no reflected waves from the undisturbed steady boundary layer. The freestream disturbance wave transmission relation can be predicted by linear theory such as that derived by Mckenzie and Westphal ^2 6 l At later time, the wave pattern changes because the disturbance waves enter the boundary layer and generate reflected waves back to the shock. The figure shows very good agreement between DNS and linear predictions on the pressure perturbation due to freestream disturbances. Figure 23 shows the numerical results of the instantaneous normal bow shock velocities vs. the shock x coordinates for the case of k = 15. Notice that there is no different mode of unsteady motion at the shock, which is outside of boundary layer.
Conclusions
The receptivity of a hypersonic boundary layer to freestream monochromatic planar acoustic disturbances has been studied by direct numerical simulations (DNS) for a two-dimensional Mach 15 flow over a parabola. The full Navier-Stokes equations are solved by using a new explicit fifth-order shock-fitting upwind scheme. The DNS results are also compared with local linear stability analysis based on mean flow solutions obtained by the numerical simulation. The numerical results show the following conclusions:
1. The instability waves developed in the hypersonic boundary layer behind the bow shock contain both the first and second mode instabilities. The size and the strength of the two regions depend on the frequency of the disturbances.
The results indicate that external disturbances,
especially the entropy and vorticity ones, enter the boundary layer to generate instability waves mainly in the leading edge region. 3 . LST results compare reasonably well with DNS results on frequency, but the agreement is not as good on the growth rates. These results are consistent with the comparisons between LST and experimental results for hypersonic boundary layers over axisymmetric cones. , , , , _c , , . . j , Figure 6 : Variation of base flow variables along grid lines normal to parabola surface at several i grid sta-,. 8 , , the shock x coordinates.
